Interface effect in complex oxide thin film heterostructures lies at the vanguard of current research to design technologically relevant functionality and explore emergent physical phenomena. While most of the previous works focus on the perovskite/perovskite heterostructures, the study on perovskite/brownmillerite interfaces remain at its infancy. Here, we investigate spontaneously stabilized perovskite-ferromagnet (SrCoO 3-δ )/brownmillertiteantiferromagnet (SrCoO 2.5 ) bi-layer with T N > T C and discover an unconventional interfacial magnetic exchange bias effect. From magnetometry investigations, it is rationalized that the observed effect stems from the interfacial ferromagnet/antiferromagnet coupling. The possibility for coupled ferromagnet/spinglass interface engendering such effect is ruled out. Strikingly, a finite coercive field persists in the paramagnetic state of SrCoO 3-δ whereas the exchange bias field vanishes at T C . We conjecture the observed effect to be due to the effective external quenched staggered field provided by the antiferromagtic layer for the ferromagnetic spins at the interface. Our results not only unveil a new paradigm to tailor the interfacial magnetic properties in oxide heterostructures without altering the cations at the interface, but also provide a purview to delve into the fundamental aspects of exchange bias in such unusual systems paving a big step forward in thin film magnetism.
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1
The investigation on interfacial magnetic effects in transition metal oxide based thin film heterostructures has sparked unprecedented scientific developments and is pursued intensively because of its technological promise for the next-generation nano-scaled magnetic devices [1] . A precise control and tuning of interfacial magnetic properties in thin film heterostructures is crucial for engendering exotic functionalities which are highly relevant for technological applications such as magnetic field sensors, memories or magnetic recording read heads [2] [3] [4] . A great deal of attention in this regard is focused on the effect called "exchange bias" that occurs due to interfacial magnetic exchange coupling in a coupled ferromagnetic/antiferromagnetic system [5, 6] . This effect is widely maneuvered for the design and operation of spin valve based magnetic read heads and sensors. The macroscopic hallmark of magnetic exchange bias effect (MEBE) is the unidirectional shift of the M(H) loop along the field-axis (Figure1(c)), and enhancement of coercivity. Typically, a bi-layer consisting of a FM and an AF (with the Curie temperature (T C ) of FM greater than the Néel temperature (T N ) of AF) when cooled in a static magnetic field across the T N , an unidirectional exchange anisotropy-fieldgets locked in and give rise to exchange bias effectthat stabilizes the orientation of the ferromagnetic layer [2, 7, 8] . Such systems exhibit magnetic properties that markedly differ from their constituents. Though exchange bias related phenomena in FM/AFM coupled system is studied extensively, its inherent mechanism has not been completely understood because it is always hard nut to directly observe and manipulate the spin structure at the interface.
Hitherto MEBE has been observed in numerous metal-oxides FM/AF coupled systems (e.g. [12] with the T N of the accompanying AF being always lower than the T C of the FM. Thus, it has been generally accepted that T C > T N criterion is a prerequisite for establishing exchange bias effect at the FM/AF interface. Indeed, all theoretical models 2 have virtually relied on the assumption of T C > T N criterion to delve into the mechanism for interfacial coupling [5, 6, 13, 14] [15, 16] . Similar effect was also observed in the MnO (antiferromagnet)/Mn 3 O 4 (ferrimagnet) core/shell structure [17]. Here we explore such effect in a perovskite(SrCoO 3-δ )/brownmillerite (SrCoO 2.5 ) thin-film interface; wherein bulk SrCoO 3 hosts a metallic ferromagnetic state with T C in the range 280-305 K [18, 19] and SrCoO 2.5 exhibits an insulating antiferromagnetic state with T N~ 570 K [20, 21] as sketched in
Figure1(a)).
SrCoO x exhibits highly contrastingstructural, electronic, and magnetic property depending on the Co oxidation state, which can be manipulated by controlling the oxygen stoichiometry [22] [23] [24] [25] [26] [27] . Brownmillerite SrCoO 2.5 (SCO BM ) derives its structure from the perovskite SrCoO 3 (SCO PC ) through the removal of 1/6 th of oxygen atoms such that alternating oxygen octahedral and tetrahedral are stacked together [18] . While bulk SCO BM is readily synthesized under ambient condition, SCO PC limits its synthesis to extremely high pressure, due to relatively large thermodynamic energy barrier for the formation of perovskite phase involving Co 4+ ions. However, recent studies reveal the epitaxial stabilization of single crystalline SCO PC thin films via topotactic phase transformation under high oxidizing condition [23] [24] [25] .
Manipulating the oxygen sublattice in complex oxide thin filmheterostructure/interface offers a promising avenue to look for fascinating functionality. Here we report the fabrication of FM-perovskite(SrCoO 3-δ )/AFM-brownmillerite (SrCoO 2.5 ) natural bi-layer by pulsed laser epitaxy and demonstrate the evidence forunconventional exchange biaswith T N > T C. The term natural bi-layer is coined categorically to emphasize that an interface involving perovskiteSrCoO 3 and brownmillertite-SrCoO 2.5 is formed spontaneously as shown in Figure.1 ~175K is found to be lower than that of its SCO PC bulk counterpart in which the T C ranges from 280-305 K [18, 19] . The diminished T C in thin films could be attributed to finite size
where (Tc(∞) is the curie temperature in the bulk limit, Tc(t) is the curie temperature of the films according to their thickness, cis related to spin correlation length, t is the film thickness and λ is the critical shift exponent) and strain effects [23, 24, [31] [32] [33] . Indeed, it has been reported that as the degree of substrate induced tensile stain increases FM/SG coupled systems [35] . If the observed MEBE was due to FM-SG coupling, it would be natural to expect time dependent slow dynamics response in magnetization since SG state are intrinsic to numerous meta-stable states. In a SG system, time decay of the thermoremnant magnetization (TRM) generally follows a logarithmic trend [36] . As shown in In summary, we have demonstrated that a hetero-interface involving perovskite-ferromagnet 
Structural characterization:
The structural characterizations were carried out using highresolution X-ray diffractometer (Rigaku, Smart Lab). High angleθ-2θ X-ray scan, ϕ-scan, Xray reflectivity (XRR), reciprocal space mapping (RSM) were performed to investigate the structural quality of the bi-layers.
Magnetic measurements: Magnetic measurements were performed by a superconducting quantum interface device based magnetometer (Quantum Design SQUID-VSM). The magnetic field (H) was set to zero in an oscillation mode to reduce the residual field of the magnet before measurements. The residual field was further calibrated by a reference Pd sample that shows a negligible value (see the SM). TRM measurement was performed using the measurement protocol as mentioned in SM.
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Structural characterization
The structural characterization was carried out using high-resolution X-ray diffractometer (Rigaku, Smart Lab). Figure S1 shows the θ-2θ XRD patterns of (a) [ X-ray reflectivity (XRR) measurement was carried out and the data was fitted using Global fit software of Rigaku to determine thickness, roughness and stacking order sequence in the bilayers. Figure S2 
Protocol used for thermo-remnant magnetization (TRM) measurement
In order to rule out the possibility of coupled FM/SG interface resulting in MEBE in (SCO PC /SCO BM ) bi-layer, we measured the thermo remnant magnetization (TRM) using the following protocol.The [STO/SCO PC (~ 24 nm)/SCO BM (~ 2 nm)] bi-layer was cooled down from room temperature to measuring temperature (T M ) 100 K under 500 Oe applied field.
When the T M was reached, the applied field was kept for 300 s. After that, the field was removed and the magnetization was measured as a function of time. The reference time corresponded to the time at which applied field was set to zero. It was evident from the data shown in main text Figure2 (e) that the magnetization remains constant over four decades of time, ruling out any spin glass character. Had there been any spin glass character, it was natural to expect time dependent changes in the magnetization.
Residual field of the magnet
To minimize the residual magnetic field in the SQUID magnetometer, the magnetic field (H) was set to zero in an oscillation mode before measurements. The residual field was further calibrated by a reference Pd sample that shows a negligible value around -1.0 Oe (see Figure   S5 ). Figure S5 . Zero field cooled magnetic hysteresis loop of the Pd sample measured at 300 K.
Magnetic hysteresis loop for [SCO PC (~ 24 nm)/SCO BM (~ 2 nm)] bi-layer at various temperatures:
Magnetic exchange bias effect (MEBE) reflects in the asymmetric shift of the magnetic hysteresis loop along the field-axis coupled with the enhancement of coercivity induced by unidirectional exchange anisotropy-field at a FM/AF interface. In the main text we used so Figure S6) . Remarkably, an S-kind of hysteresis with a finite was observed even at 200 K which is above the T C ~ 175 K of SCO PC layer.
Essential procedures and precautions such as setting the magnetic field to zero in an oscillation mode and considering the tiny residual field (~1 Oe) from Pd sample calibration was taken into account to estimate precisely the exact values of coercive field (H C ) and magnetic exchange bias field (H EB ) as shown in Figures 3 (j)-(k) . Temperature dependent exchange bias field (H EB ) and the coercive field (H C ) of the above bilayer are presented in the Figure S7 . Here, we also observed that the H EB gradually decreases with increasing temperature and falls to zero in the vicinity of T C ~ 175 K (see Figure S7 (a)). Remarkably, the non-zero H C is preserved above T C (see Figure S7 
Results from Monte Carlo simulations:
To develop a better theoretical understanding of this effect, we performed Monte Carlo simulations of a simple two dimensional Ising model of the FM-AF bilayer system with non-26 flat interface at atomic scale ( Figure S8) . The interfacial coupling between the FM and AF spins is chosen to be ferromagnetic. In Figure S8 , we show the magnetic hysteresis loop data from the simulations for T>T C and schematically show the microscopic spin configurations (in the time averaged sense) at a number of representative points on the hysteresis loop. While a flat interface between the FM and AF layers reproduces the non-zero H C and vanishing H EB for T>T C , it fails to display a non-zero H EB for T <T C , as observed in Figure 3 (j) . On the other hand, an interface which is non-flat (only on the atomic scale, as mimicked by single lattice spacing width of the interface in Figure S8 ), gives results which are in fairly good qualitative agreement with the data observed for H EB and H C (Figures 3 (j) and (k)) for T<T C as well as T>T C . 
